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INTRODUCTION 

The publ ished l i t e r a t u r e  rega rd ing  the  c a t a l y s i s  o f  gas-carbon r e a c t i o n s  by 
a l k a l i  s a l t s  spans more than a c e n t u r y . l  
mechanisms have been proposed t o  account f o r  t h e  c a t a l y t i c  a c t i v i t y .  It i s  o f t e n  
d i f f i c u l t  t o  make comparisons among the  var ious s tud ies  because o f  d i f f e r e n c e s  i n  
temperature range covered, carbon subs t ra te  used, and t h e  gas atmospheres employed. 
The purpose o f  t h i s  s tudy  was t o  u n i f y  q u a n t i t a t i v e l y  t h e  c a t a l y t i c  e f f e c t  o f  
potassium s a l t s  on t h e  r e a c t i o n s  o f  H20 and COP w i t h  m i c r o c r y s t a l l i n e  o r  "amorphous" 
carbon. These p o o r l y  o rgan ized  c a r b o x  are formed from a v a r i e t y  o f  precursors a t  
temperatures g r e a t e r  t han  %6OO0C. 
o n a l l y  bonded) carbons i n  small  micro layers.*  
o f  heat  t rea tmen t  temperature, carbonaceous precursor ,  and t h e  presence o f  i m p u r i t i e s .  

We show t h a t  potass ium c a t a l y s t  a t  one atmosphere and low conversions behaves 
rep roduc ib l y  on many o f  these carbon subs t ra tes  and i n  many modes o f  preparat ion.  
Because o f  t h i s  r e p r o d u c i b i l i t y  and because t h e  a l k a l i  dominates t h e  e f f e c t  o f  o ther  
i m p u r i t i e s ,  t h i s  system i s  i n  some ways eas ie r  t o  understand than t h e  "uncatalyzed" 
HnO-carbon reac t i on .  

EXPERIMENTAL 

Diverse and sometimes c o n f l i c t i n g  

They c o n s i s t  l a r g e l y  o f  " g r a p h i t i c "  ( o r  t r i g -  
The s i z e  o f  these l a y e r s  i s  a func t i on  

Most experiments h e r e  were performed i n  a small  tube f l o w  r e a c t o r  a t  one a t -  
mosphere t o t a l  pressure.  
f a r  from gas-carbon e q u i l i b r i u m .  
reac t i on .  
carbon reac t i on .  
of carbon remaining) g e n e r a l l y  show constant  a c t i v i t y  which holds f rom 2.20% t o  %70% 
of t o t a l  b u r n o f f .  We t a k e  t h i s  steady s t a t e  r a t e  t o  rep resen t  t h e  c h a r a c t e r i s t i c  
r a t e  of t h e  a l k a l i  c a t a l y z e d  r e a c t i o n  when t h e  system i s  c a t a l y s t  l i m i t e d .  

CATALYST LOADING RESPONSE 

a l k a l i  c a t a l y s t .  A wide v a r i e t y  o f  carbon types was examined w i t h  both K2C03 and 
KOH appl ied.  
potassium i n  r e a c t i o n s  w i t h  minera l  c o n s t i t u e n t s  i n  the  coa l ,  p r i n c i p a l l y  t o  form 
a1 uminosi 1 i c a t e s .  

The g a s i f i c a t i o n  r a t e s  were measured under gas composit ions 
Most o f  t h e  r a t e  data a r e  f o r  t h e  H,O-carbon 

Unless s t a t e d  otherwise,  analogous behavior  was observed i n  t h e  CO2- 
R e a c t i v i t y  p r o f i l e s  ( instantaneous g a s i f i c a t i o n  r a t e s  vs. f r a c t i o n  

F ig.  1 shows t h e  dependence o f  t he  "steady s t a t e "  r a t e  on t h e  concen t ra t i on  of 

The K/C r a t i o s  f o r  t h e  coa l  chars a re  co r rec ted  f o r  t h e  l o s s  o f  

A l l  t he  da ta  f a l l  near  a l i n e a r  c o r r e l a t i o n  f o r  t h i s  range o f  c a t a l y s t  loadings.  
(The r a t e  even tua l l y  sa tu ra tes ,  as shown l a t e r . )  The a d d i t i o n  o f  an incremental 
amount O f  potassium produces an equ iva len t  response on a wide v a r i e t y  o f  carbon 
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types. Equal numbers of reaction centers a re  formed fo r  each mole of s a l t .  The 
dispersion is independent of loading. The "activation" energy i s  independent o f  
Catalyst loading, t h u s  supporting the idea tha t  increasing the ca t a lys t  concen- 
t ra t ion  simply increases the number o f  ac t ive  s i t e s .  The l inear  cor re la t ion  qives 
a turnover r a t e  with respect t o  potassium atoms of 8.2 hr. a t  these c6nditions 
(700°F, (H20)/(H2) = 1 ) .  
ence of the reac t iv i ty  on the methods by which the carbons a r e  catalyzed. 
there i s  adequate physical contact,  a mixture of carbon and the dry powdered 
KzC03 gives a samole of roughly equivalent ac t iv i ty  t n  one which has been 
impregnated by a solution (see shaded points i n  Fig. 1 ) .  T h i s  has been noted by 
 other^.^ Alternatively,  i f  one attempts t o  maximize dispersion by ion exchan e of 
Potassium onto an oxidized coal4,  the response does not s ign i f icant ly  d i f f e r  ?half 
shaded points i n  Fig. 1 ) .  

CATALYST SATURATION 

The gasification r a t e  sa tura tes  a t  a ca t a lys t  concentration w h i c h  depends on 
the ident i ty  o f  the carbon substrate.  Although the r eac t iv i ty  per s i t e  i s  insen- 
s i t i v e  t o  the  method o f  impregnation, the number of ca t a ly t i c  s i t e s  on coal char 
can be controlled t o  some degree by pretreatment. F i g .  2 shows the r a t e  saturation 
behavior for  I l l i no i s  coal catalyzed i n  three d i f fe ren t  ways. 
from carbonizing the I l l i n o i s  coal f i r s t  and then adding potassium ca ta lys t  ( e i the r  
KOH o r  K2C03). 
samples w i t h  K/C loadings below 0.05. Above t h i s  loading additional a lka l i  did not 
produce additional ca t a ly t i c  ac t iv i ty .  
K2CO3 solution impregnated I l l i n o i s  coa ls .  
K/C r a t i o  of 4 . 1 .  
solution and then carbonizing. 
d u r i n g  carbonization by reaction of a strong base w i t h  the  coa l .  As can be seen, 
higher ra tes  were achieved than in the  previous se r i e s .  
t h i s  char sample and i t s  loading reduced below 0.1,  the gas i f ica t ion  ra tes  f e l l  on 
the l inear  cor re la t ion  obtained fo r  a l l  the other carbons i n  Figs. 1 and 2 .  I t  i s  
possible in case A t ha t  carbons w i t h  l a rger  microlayers - and therefore fewer edge 
carbons - were able t o  form i n  the absence of the a lka l i  s a l t s .  However, the 
saturation l imi t  of a par t icu lar  carbon can be limited by physical a s  well as  
chemical e f fec ts .  We a l so  show gas i f ica t ion  r a t e s  for  SP-1 graphite fo r  comparison. 
Very few s i t e s  are available on t h i s  subs t ra te .  

K2C03 i s  predicted t o  be the  thermodynamically s tab le  s a l t  under gasification 
 atmosphere^.^ 
labelled with 1 4 C .  
10 minutes a t  temperatures above 40OOC. No 1 4 C  was detected in the form of CO or 
hydrocarbon products. The reaction temperature of 500°C i s  f a r  below the  decompo- 
s i t i on  o r  melting temperature of KzC03. 
can reac t  w i t h  I l l i no i s  coal a t  700°C i s  l imited.  
atom i s  present f o r  every 10 carbon atoms i n  the  resu l tan t  char,  no fu r the r  C02 i s  
l ibera ted  from the carbonate. 
reaction i s  reflected in the  gas i f ica t ion  r a t e ,  shown i n  F i g .  Z b  and 3b. 
parallelism strongly suggests t h a t  the  complex formed i n  the K2C03-carbon reaction 
i s  t he  s i t e  of gasification chemistry. 
reaction step i n  gas i f ica t ion ,  the  t ransfer  o f  oxygen t o  and from the  carbon surface,  
i s  catalyzed i n  an identical  manner t o  the  The reaction r a t e  
was monitored by the  appearance of 14C0 in Q4C02/C0 gas mixtures. A s imi la r  s e t  
of experiments performed in H20/D2 and D20/H2 mixtures gave s imi la r  r e su l t s .  
Oxygen exchange ra tes  on catalyzed activated charcoal a r e  included i n  panel 3C to  
show t h a t  t he  oxygen exchange ra tes  a re  independent of carbon subs t ra te .  We will  
discuss the r e l a t ive  ra tes  of the various elementary steps and t h e i r  mechanistic 
implications i n  the  following paper. 

I 
I 

I t  i s  a l so  generally found tha t  there i s  no major depend- 
Provided 

1 

Curve A resulted 

Similar r eac t iv i ty  to  the  previous cor re la t ion  was produced for  

Curve B i n  F i g .  2 shows r a t e s  f o r  a s e t  of 

Curve C r e su l t s  from digesting the  coal i n  concentrated KOH 
Note t h a t  t he  r a t e  now sa tura tes  a t  a 

T h e  hope was t o  s t a b i l i z e  more ca t a ly t i c  s i t e s  

When a lka l i  was washed off 

We heated I l l i n o i s  coal with K2CO3 in which the  carbonate carbon was 
The evolution of I4CO2 proceeds essent ia l ly  t o  completion in  

F i g .  3a shows t h a t  the amount of K2CO3 w h i c h  
When approximately one potassium 

The saturation behavior seen i n  the  KZCO3-carbon 
The 

Finally,  panel 3c shows t h a t  an important 

a s i f i ca t ion  ra te .  
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The above i n d i c a t e s  a unique, rep roduc ib le  degree o f  c a t a l y s t  d i s p e r s i o n  i n  
t h i s  system. We obta ined evidence t h a t  t h e  d i spe rs ion  i s  very h i g h  from po ison ing  
s t u d i e s  o f  t h e  H20-0, oxygen exchange reac t i on .  
proceeds w i t h  measurable r a t e s  a t  300%. 
r a t e  i s  analagous t o  t h a t  o f  oxygen exchange i n  14C02/C0 m ix tu res  and g a s i f i c a t i o n .  
We may the re fo re  suppose t h a t  t he  c a t a l y s t  i s  i n  t h e  same s t a t e  o f  d i s p e r s i o n  upon 
c o o l i n g  t o  3OO0C as a t  700OC. A t  3OO0C t h e  exchange r e a c t i o n  between H20 and D2 
can be poisoned by a d d i t i o n  o f  HC1. F igure 4 shows the  " t i t r a t i o n "  o f  r e a c t i v i t y  
by HC1 on a ca ta l yzed  I l l i n o i s  char  sample. 
HC1 breakthrough i s  seen u n t i l  t he  exchange a c t i v i t y  has been poisoned. A t  the 
end po in t ,  one HC1 molecule i s  adsorbed f o r  every two potassium atoms. The s t o i -  
chiometry o f  t he  po ison ing  r e a c t i o n  i s  independent o f  l oad ing  unless t h e  sample 
has been sa tu ra ted  w i t h  c a t a l y s t .  

I f  the  poisoned system i s  heated t o  temperatures >45OoC the  species can r e -  
ar range t o  form KC1, which can be seen by X-ray d i f f r a c t i o n ,  and l i b e r a t e  t h e  
remainder o f  the potass ium f o r  c a t a l y s i s .  
rough ly  one-hal f  t h a t  o f  t h e  o r i g i n a l  sample. When subsequently cooled t o  3OO0C 
the H20-O2 exchange r a t e  i s  a l so  one-ha l f  t h e  o r i g i n a l  value. Th is  a c t i v i t y  can 
again be t i t r a t e d  i n  a s i m i l a r  manner (see F igu re  4 ) .  Thus t h e  c a t a l y s t  
d i spe rs ion  based on HC1 chemisorpt ion i s  approx imate ly  one-hal f .  The h i q h  degree 
o f  d i s p e r s i o n  achieved by K2CO3 accounts f o r  t he  r e p r o d u c i b i l i t y  seen hei-e. 

A l k a l i  s a l t s  o f  s t rong  ac ids a r e  mNh l e s s  e f f e c t i v e  c a t a l y s t s  than t h e  car- 
bonate and o t h e r  s a l t s  o f  weak ac ids .  lb,d I n  a thermochemical sense s t a b l e  anions 
o f  s t rong  ac ids  p r o v i d e  a more a t t r a c t i v e  environment than the  carbon su r face  f o r  
t he  a l k a l i  i o n .  Thus KC1 remains as KC1 on the  carbon su r face  a t  K/C r a t i o s  below 
s a t u r a t i o n  values. This  i s  conf i rmed by X-ray d i f f r a c t i o n  o f  KC1 ca ta l yzed  samples. 
Much o f  t he  prev ious work i n  the l i t e r a t u r e  can be expla ined i n  t h i s  framework. 

CONCLUSION 

I n  the  absence o f  C02 t h i s  r e a c t i o n  
The load ing  dependence o f  t h i s  r e a c t i o n  

The r e a c t i o n  i s  q u a n t i t a t i v e  - no 

The g a s i f i c a t i o n  r a t e  a t  7OO0C i s  then 

Ac t i ve  potassium g a s i f i c a t i o n  c a t a l y s t s  a re  h i g h l y  d ispersed on t h e  carbon 
We b e l i e v e  t h a t  K2CO3 reac ts  w i t h  the  carbonaceous m a t e r i a l  t o  form subst rate.  

groups a t  t h e  edges o f  t h e  carbon m ic ro laye rs .  
dominant g a s i f i c a t i o n  chemis t r y  on amorphous carbons. 
the r e p r o d u c i b i l i t y  seen i n  t h i s  system. 
o t h e r  a l k a l i  s a l t s  can a l s o  be r a t i o n a l i z e d  by t h e i r  p ropens i t y  t o  r e a c t  w i t h  the 
carbon sur face.  I n  t h e  f o l l o w i n g  paper, we w i l l  d iscuss t h e  k i n e t i c s  of t h e  
i n d i v i d u a l  g a s i f i c a t i o n  r e a c t i o n s  i n  terms o f  t he  d i s c r e t e  s i t e  p i c t u r e  presented 
here. 

These a r e  t h e  s i t e s  o f  t h e  
T h i s  s e l f - d i s p e r s i o n  exp la ins  

The r e l a t i v e  c a t a l y t i c  a c t i v i t i e s  of 
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FIGURE 1. DEPENDENCE OF GASIFICATION RATE ON 
CATALYST LOADING FOR DIFFERENT CARBONS. 
K/C RATIOS ARE CORRECTED FOR REACTIONS WITH 
COAL MINERALS. METHOD OF CATALYST IMPREG- 
NATION : OPEN SYMBOLS-SOLUTION-INCIPIENT WETNESS, 
HALF-SHADED SYMBOLS-ION EXCHANGED, SHADED 
SYMBOLS-DRY MIXED. A I LL INOIS ,VWYODAK WASHED), 
0 ACTIVATED CHARCOAL, 0 SPHEROCARB, OSPHERON b,  
0 POLYFURFURYL ALCOHOL COKE 
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FIGURE 2 .  GASIFICATION RATE SATURATION CURVES. CURVES 
A,B, AND C ARE FOR CATALYZED ILL INOIS SAMPLES PRE- 
PARED USING DIFFERENT PRETREATMENT TECHNIQUES 
(SEE TEXT FOR D E T A I L S ) .  0-  S P - 1  GRAPHITE.  261 
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FIGURE 3 .  COMPARISON OF GASIFICATION RATES WITH 
K 2 C 0 3  -CARBON REACTION Y I E L D .  0 ILLINOIS COAL, 

ACTIVATED CHARCOAL 
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FIGURE 4. H CI POISONING OF POTASSIUM CATALYZED ILLINOIS 
CHAR. OXYGEN EXCHANGE A T  3 0 0 ° C  I S  SHOWN AS A FUNCTION 
OF H C I  ADDED. AT  POINTS L A B E L L E D  @ THE SAMPLE WAS 
HEATED TO 7OOOC AND THE GASIFICATION RATE MEASURED. 
FOR BOTH RATE MEASUREMENTS, ( H 2 0 ) / ( H 2 ,  02)  = 1. 
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